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In the present paper, ﬂuid ﬂow and heat transfer inside L-shaped enclosure ﬁlled with Cu/water
nanoﬂuid has been investigated numerically using the Lattice Boltzmann Method. The validity of the
numerical code used is ascertained and good agreement was found with published results. The effects of
different parameters such as Rayleigh number (103e106), aspect ratio of the L-shaped enclosure (0.2
e0.6) and nanoparticle volume concentration (0e0.05) on the ﬂow and temperature ﬁelds are studied.
The obtained results show that nanoﬂuid enhances the heat transfer amount and reducing the aspect
ratio improves this effect. Also it was found that the mean Nusselt number increased with increase in
Rayleigh number.
© 2015 Karabuk University. Production and hosting by Elsevier B.V. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Over the past few years, the Lattice Boltzmann Method (LBM) has
found wide-ranging applications in science and engineering [1e3].
This surge in interest is mainly attributed to its ability of simple and
efﬁcient computational procedure, even for complex geometries
[4e6]. Therefore, the LBMmethod is able to simulate the complicated
ﬂuidﬂows such asmultiphaseﬂows, chemically reactingﬂows, visco-
elastic non-Newtonian ﬂows. The term “nanoﬂuid” (that is used for
the ﬁrst time by Choi [7]) refers to a liquid containing a dispersion of
submicronic solid particles (nanoparticles). The characteristic feature
of nanoﬂuids is thermal conductivity enhancement, a phenomenon
observed by Khanafer et al. [8]. It was revealed that the heat transfer
rate increases with the increase of particle fraction at any given Gra-
shof number. This is why intensive researches focus on the heat
transfer augmentation utilizing nanoﬂuids and their potential in
cooling industry has been carried out recently [9e12]. There are a
number of recent studies on free convection inside cavities containing
nanoﬂuid. Kahveci [13] numerically studied the heat transfer
enhancement of water-based nanoﬂuids in a differentially heated,
tilted enclosure for a range of inclination angles, nanoparticle radii,M.A. Abbassi).
ersity.
d hosting by Elsevier B.V. This is asolid volume fractions, and Rayleigh numbers. It was concluded from
the results that suspended nanoparticles substantially increase the
heat transfer rate and the averageNusseltnumber isnearly linearwith
the increase of solid volume fraction. Recently Mahmoodi et al. [14]
studied the Cu/water nanoﬂuid free convection in an L-shaped cav-
ity using the ﬁnite volume method. They analyzed the effect of
different parameters such as Rayleigh number, aspect ratio and
nanoparticle volume concentration on the ﬂow and temperature
ﬁelds as well as on the average Nusselt number. They showed that
average Nusselt number decreases by an increase in volume concen-
tration, especially for higher Rayleigh numbers. Dehnavi and Rezvani
[15] studied the alumina/water nanoﬂuid free convection in a G-
shaped cavity. Their results showed that heat transfer increaseswith a
reduction in nanoparticle size and also with increase in parameter R
(ratio of the minimum diameter to maximum diameter of the nano-
particles). In another study Kalteh and Hasani [16] investigated the
nanoﬂuid free convection in an L-shaped cavity using the LBM. Their
results showed an increase in average Nusselt number with an in-
crease in nanoparticle volume concentration, for all the considered
Rayleigh numbers and aspect ratios. Mahmoudi et al. [17] studied
numerically the effects of linear temperature distribution on natural
convection in a square enclosure ﬁlled with a water-Al2O3 nanoﬂuid
under the inﬂuence of a magnetic ﬁeld. They showed that magnetic
ﬁeld direction controls the effect of nanoparticles in the ﬂuid. Bakier
[18] numerically studied the heat transfer and ﬂuid ﬂow through C-
shaped enclosure ﬁlled with nanoﬂuid that has two openings andn open access article under the CC BY-NC-ND license (http://creativecommons.org/
Nomenclature
c Lattice speed
cs Speed of sound
ci Discrete particle speeds
cp Speciﬁc heat at constant pressure
Fi External forces
f Density distribution functions
feq Equilibrium density distribution functions
g Internal energy distribution functions
geq Equilibrium internal energy distribution functions
g Gravity vector
k thermal conductivity
Ma Mach number
Nu Local Nusselt number
P Pressure
Pr Prandtl number
Ra Rayleigh number
T Temperature
u(u,v) Velocities
x(x,y) Lattice coordinates
Greek symbols
a Thermal diffusivity
Dx Lattice spacing
Dt Time increment
f Solid volume fraction
m Dynamic viscosity
r Fluid density
ta Relaxation time for temperature
tn Relaxation time for ﬂow
q Non-dimensional temperature
n Kinematic viscosity
J Non-dimensional stream function
Subscript
f ﬂuid
nf nanoﬂuid
p particle
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the addition of nanoparticles is necessary to enhance the heat and
mass transfer through theopeningboundaries.Mejri et al. [19] applied
lattice Boltzmann method to investigate the Magnetic ﬁeld effect on
entropy generation in a nanoﬂuid-ﬁlled enclosure with sinusoidal
heating on both side walls. They showed that using watereAl2O3
nanoﬂuid reduces the entropy generation while an increase in the
Hartmann number increases the entropy generation number. Shei-
kholeslami et al. [20] analyzed the magneto hydrodynamic nanoﬂuid
ﬂow and heat transfer in a concentric annulus. Their results indicated
that Nusselt number has a direct relationship with nanoparticle vol-
ume fraction, Rayleigh number and it has a reverse relationship with
Hartmann number. Sheikholeslami et al. [21] studied the problem of
MHD free convection in a horizontal cylindrical enclosure with an
inner triangularcylinder. Theeffectofnanoparticlevolumefraction for
the enhancement of heat transfer has been investigated for several
sets of values of Rayleigh and Hartmann numbers. The presented re-
sults indicate that the value of the maximum stream function de-
creases with increasing Hartmann number. In addition, the results
indicate that Nusselt number increase with increasing Rayleigh
number. Sheikholeslami and Ganji [22] studied the Magnetohydro-
dynamic ﬂow of CuOewater nanoﬂuid in a square enclosure with a
rectangular heated body. In this study, the effective thermal conduc-
tivity and the effective viscosity of nanoﬂuid were calculated by KKL
(Koo-Kleinstreuer-Li) correlation. The results of this study show that
the heat transfer rate and dimensionless entropy generation number
increase with increase of the Rayleigh number and nanoparticle vol-
ume fraction but it decreases with increase of the Hartmann number.
MHD effect on natural convection heat transfer in an enclosure ﬁlled
with nanoﬂuid was studied by Sheikholeslami et al. [23]. They found
that effect of Hartmann number and heat source length is more pro-
nounced at high Rayleigh number. MHD free convection in an
eccentric semi-annulus ﬁlled with nanoﬂuid was studied by Shei-
kholeslami et al. [24]. The effective thermal conductivity and viscosity
of nanoﬂuid were calculated by the MaxwelleGarnetts (MG) and
Brinkman models, respectively. They found that Nusselt number has
direct relationship with nanoparticle volume fraction and Rayleigh
number but it has inverse relationship with Hartmann number and
position of inner cylinder at high Rayleigh number. Effect of thermal
radiation on magnetohydrodynamics nanoﬂuid ﬂow between two
horizontal rotating plates was studied by Sheikholeslami et al. [25].
The effects of Reynolds number, magnetic parameter, rotationparameter, Schmidt number, thermophoretic parameter, Brownian
parameter and radiation parameter on heat and mass characteristics
has been investigated. They demonstrated that the concentration
boundary layer thickness decreases with the increase of radiation
parameter. Ellahi [26] conductedanumerical studyof theMHDﬂowof
non-Newtonian nanoﬂuid in a pipe. He observed that the MHD
parameter decreases the ﬂuidmotion and the velocity proﬁle is larger
than that of temperature proﬁle even in the presence of variable vis-
cosities. Hussein et al. [27] investigated numerical natural convection
inanopenenclosureﬁlledwithCuewaternanoﬂuid in thepresenceof
magnetic ﬁeld. They demonstrated that when the magnetic ﬁeld
orientation angle increases, the ﬂow circulation intensity and the
convection effect begin to decrease. Kefayati [28] studied the effect of
an external magnetic source on natural convection ﬂow in a cavity
with linearly temperature distribution which is subjugated to kero-
sene/cobalt ferroﬂuid using Lattice Boltzmann method. It emerged
that the heat transfer decreases by the increment of the nanoscale
ferromagnetic particle volume fraction for various Rayleigh numbers.
Rahman et al. [29] numerically studied unsteady natural convection
heat transfer in an isosceles triangular enclosure ﬁlled with Al2O3
nanoparticle. They found that the addition of thenanoparticle into the
baseﬂuid (water)affectsbothheat transferandﬂuidﬂowanddeduced
that heat transfer is increasedwith the addition of nanoparticle for all
Rayleigh number investigated. Mahmoudi et al. [30] analyzed the
MHD natural convection heat transfer nanoﬂuids-ﬁlled open cavity
withnonuniformboundary condition in thepresenceof uniformheat
generation/absorption by using lattice Boltzmann method. The study
was carried out by using physicalﬂowgoverning parameters, such as,
Rayleigh number (103e106), Hartmann number (Ha ¼ 0e60), heat
generation/absorption coefﬁcient (q ¼ 10,5,0,5,10) and the solid
volume fraction of nanoparticles betweenf¼ 0 and 6%. The results of
this study indicated the decrease in heat transfer rate with Hartmann
number and linear variation with Rayleigh number. Swati and Iswar
[31] investigated the effects of velocity slip and thermal slip on MHD
boundary layermixedconvectionﬂowandheat transfer. The resultsof
this study indicated the decrease in heat transfer rate with the
increasing values of thermal slip. Kefayati [32,33] simulated natural
convection in an open cavity with magnetic ﬁeld, a cavity with sinu-
soidal temperature distribution, and also turbulent natural convec-
tion. Sheikholeslami et al. [34e41] took the simulations of natural
convection considering different kind of nanoparticles, and the effects
of magnetic ﬁeld.
Table 1
Thermo physical properties of ﬂuid and nanoparticles.
Physical Properties Fluid phase (Water) Cu (nanoparticles)
Cp (J/kgK) 4179 385
r (kg/m3) 997.1 8933
k (W/mK) 0.631 400
b  105 (1/K) 21 1.6
B. Mliki et al. / Engineering Science and Technology, an International Journal 18 (2015) 503e511 505This paper aims to use the lattice Boltzmannmethod to simulate
the nanoﬂuid free convection heat transfer in an L-shaped cavity.
The effects of the Rayleigh number, aspect ratio and volume con-
centration on the ﬂow and heat transfer characteristics have been
examined.
2. Mathematical formulation
2.1. Problem statement and governing equations
Fig. 1 depicts the schematic view of the considered problem. It
consists of an L-shaped enclosure with H as height and W as width
(H¼W) and the thickness is L. The aspect ratio of the enclosure is
deﬁned as AR ¼ L/H. The hot walls (ABC), the cold walls (DEF) and
the adiabatic walls (AF and CD) are shown in this ﬁgure. The cavity
is ﬁlled with Cu/water nanoﬂuid that is considered to be Newto-
nian, laminar and incompressible. Moreover, the nanoﬂuid is
simulated as a single-phase homogeneous ﬂuid. Therefore, the
velocity and temperature difference between the solid and liquid
phases is neglected. Thermophysical properties of the nano-
particles and the base liquid are gathered in Table 1. The ﬂow is
considered to be steady, two dimensional and laminar, and the
radiation effects are negligible. The density variation in the nano-
ﬂuid is approximated by the standard Boussinesq approximation.
Furthermore, it is assumed that the viscous dissipation and Joule
heating are neglected.
Therefore, governing equations can be written in dimensional
form as follows:
vu
vx
þ vv
vy
¼ 0 (1)
rnf

u
vu
vx
þ v vu
vy

¼ vp
vx
þ mnf
 
v2u
vx2
þ v
2u
vy2
!
(2)
rnf

u
vv
vx
þ v vv
vy

¼ vp
vy
þ mnf
 
v2v
vx2
þ v
2v
vy2
!
þ ðrbT Þnf gðT  TcÞ
(3)
u
vT
vx
þ v vT
vy
¼ anf
 
v2T
vx2
þ v
2T
vy2
!
(4)Fig. 1. Geometry of the problem.The classical models reported in the literature are used to
determine the properties of the nanoﬂuid [42]:
rnf ¼ ð1 fÞrf þ frp (5)

rCp

nf ¼ ð1 fÞ

rCp

f þ f

rCp

p (6)
ðrbÞnf ¼ ð1 fÞðrbÞf þ fðrbÞp (7)
anf ¼
knf
rCp

nf
(8)
In the above equations f is the solid volume fraction, r is the
density, a is the thermal diffusivity, Cp is the speciﬁc heat at con-
stant pressure and b is the thermal expansion coefﬁcient. The
effective dynamic viscosity and thermal conductivity of the nano-
ﬂuid are deﬁned respectively for spherical particles in [43,44] as
given by Eqs. 9 and 10:
mnf ¼
mf
ð1 fÞ2:5
(9)
knf ¼ kf
kP þ 2kf  2f

kf  kP

kP þ 2kf þ f

kf  kP
 (10)
The above equations are non-dimensionalized by using the
following dimensionless variables:
X ¼ x
L
; Y ¼ y
L
; U ¼ uL
anf
; V ¼ vL
anf
; q ¼ T  Tc
Th  Tc
; P ¼ pL
2
rnf a
2
nf
Pr ¼ nnf
anf
; Ra ¼ gbðT  TcÞL
3
nf af
(11)
Then the non-dimensional governing equations are
vU
vX
þ vV
vY
¼ 0 (12)
U
vU
vX
þ V vU
vY
¼ vP
vX
þ Pr*
 
v2U
vX2
þ v
2U
vY2
!
(13)
U
vV
vX
þ V vV
vY
¼ vP
vY
þ Pr*
 
v2V
vX2
þ v
2V
vY2
!
þ Ra*Pr*q (14)
U
vq
vX
þ V vq
vY
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v2q
vX2
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2q
vY2
!
(15)
Where
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Pr; Ra* ¼ ðrbÞnfðrbÞf
kf
knf
ðrCÞpnf
ðrCÞpf
mf
mnf
Ra (16)
2.2. LBM natural convection simulation
The lattice Boltzmann method (LBM) has become an alternative
and attractive approach to simulate numerous ﬂuid ﬂow problems.
The LBMwas originated from Ludwig Boltzmann's kinetic theory of
gases. The fundamental idea is that ﬂuids can be imagined as
consisting of a large number of small particles moving with random
motions. The exchange of momentum and energy is achieved
through particle streaming and billiard-like particle collision. For
the incompressible non isothermal problems, (LBM) utilizes two
distribution functions fi and gi, for the ﬂow and temperature ﬁelds
respectively.
For the ﬂow ﬁeld:
fiðx þ ciDt; t þ DtÞ ¼ fiðx; tÞ 
1
tn

fiðx; tÞ  f eqi ðx; tÞ

þ DtciFi
(17)
For the temperature ﬁeld:
giðx þ ciDt; t þ DtÞ ¼ giðx; tÞ 
1
ta

giðx; tÞ  geqi ðx; tÞ

(18)
where the discrete particle velocity vectors is deﬁned by ci. Dt
denotes lattice time step which is set to unity. tn and ta are the
relaxation time for the ﬂow and temperature ﬁelds, respectively.fieq
and gieq are the local equilibrium distribution functions that have an
appropriately prescribed functional dependence on the local hy-
drodynamic properties which are calculated with Eqs. 17 and 18
and for ﬂow and temperature ﬁelds respectively.
f eqi ¼ uir
"
1þ 3ðci$uÞ
c2
þ 9ðci$uÞ
2
2c4
 3u
2
2c2
#
(19)
geqi ¼ u0iT

1þ 3 ci$u
c2
	
(20)
u and r are the macroscopic velocity and density, respectively. c is
the lattice speed which is equal to Dx/Dt where Dx is the lattice
space similar to the lattice time step Dtwhich is equal to unity, ui is
the weighting factor for ﬂow and u0i is the weighting factor for
temperature. D2Q9 model for ﬂow and D2Q4 model for tempera-
ture and concentration are used in this work. The weighting factors
and the discrete particle velocity vectors are different for these two
models and they are calculated with Eqs. 21e23 as follows:
For D2Q9
u0 ¼
4
9
;ui ¼
1
9
for i ¼ 1;2;3;4 and ui ¼
1
36
for i
¼ 5;6;7;8 (21)
ci¼
8<
:
0 ; i¼0
ðcos½ði1Þp=2;sin½ði1Þp=2Þc ; i¼1;2;3;4ﬃﬃﬃ
2
p
ðcos½ði5Þp=2þp=4;sin½ði5Þp=2þp=4Þc ; i¼5;6;7;8
(22)
For D2Q4
The temperature weighting factor for each direction is equal to
u0i ¼ 1=4.
ci ¼ ðcos½ði 1Þp=2; sin½ði 1Þp=2Þc ; i ¼ 1;2;3;4 (23)The kinematic viscosity n and thermal diffusivity a are respec-
tively related to the relaxation time by Eq. (24):
n ¼

tn  12
	
cs2Dt ; a ¼

ta  12
	
cs2Dt (24)
Where cs is the lattice speed of soundwitch is equal to cs ¼ c=
ﬃﬃﬃ
3
p
. In
the simulation of natural convection, the external force term Fi
appearing in Eq. (3) is given by Eq. (25):
Fi ¼
ui
cs2
F$ci (25)
The macroscopic quantitiesr, u and T can be calculated respec-
tively by equations 26e28.
r ¼
X
i
fi (26)
ru ¼
X
i
fici (27)
T ¼
X
i
gi (28)2.3. Non-dimensional parameters
Fornatural convection theBoussinesqapproximation is applied.To
ensure that the code works in an incompressible regime, the charac-
teristic velocity must be small compared to the ﬂuid speed of sound.
Hence, in simulation, Mach number should be less than Ma ¼ 0.3.
Therefore, for all the considered cases in the present study, Mach
number is ﬁxed as 0.1.
By ﬁxing Rayleigh number, Prandtl number and Mach number,
the viscosity and thermal diffusivity are calculated from the deﬁ-
nition of these non dimensional parameters.
nf ¼ NMacs
ﬃﬃﬃﬃﬃﬃ
Pr
Ra
r
(29)
where N is the number of lattices in y-direction.
The Nusselt number can be expressed as:
Nul ¼
hH
kf
(30)
where the heat transfer coefﬁcient is computed from:
h ¼ qw
Th  TC
(31)
The thermal conductivity of the nanoﬂuid is expressed as:
knf ¼ 
qw
vT=vX
(32)
Substituting Eqs. (31) and (32) into Eq. (30), and using the
dimensionless quantities, the local Nusselt number along the left
wall can be written as:
Nul ¼ 
knf
kf

vq
vX

X¼0
(33)
The average Nusselt number is obtained by integrating the local
Nusselt number along the heat source:
Nul ¼ 
1
H
ZH
0
knf
kf

vq
vX

X¼0
(34)
Fig. 4. Isotherms and Streamlines for f ¼ 0, f ¼ 0.05 at Ra ¼ 106, (a) AR ¼ 0.2, (b)
AR ¼ 0.4, (c) AR ¼ 0.6.
Fig. 2. Local Nu number on the hot walls (west wall (AB) and south wall (BC)) for
different uniform grids with AR ¼ 0.2 (Pr ¼ 6.2, f ¼ 0.05 and Ra ¼ 106).
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For grid independence study, the Local Nusselt number on the
hot walls for f ¼ 0.05 volume concentration nanoﬂuid is calculated
for AR ¼ 0.2 at different lattice numbers (40 40, 60 60, 80 80,Fig. 3. Comparison between present code and Mohammad and Hasani [16] in the
presence of nanoﬂuid (AR ¼ 0.2, f ¼ 0, f ¼ 0.05 and Ra ¼ 106), (a) south wall (BC) and
(b) west wall (AB).100  100 and 120  120). The results are shown in Fig. 2. Ac-
cording to this ﬁgure, 100  100 lattices number is chosen as the
ﬁnal independent lattice numbers. For validation of the written
computer code, the present numerical results for Cu/water nano-
ﬂuid in L-shaped enclosure with AR ¼ 0.2, f ¼ 0 and 0.05 at
Ra ¼ 106 are compared with results by Mohammad and Hossein
[16]. For accurate comparison with each of the mentioned results,
we use the nanoﬂuid thermophysical properties that have been
applied in the corresponding references. The comparison resultsFig. 5. Isotherms and Streamlines for f ¼ 0, f ¼ 0.05 with AR ¼ 0.4, (a) Ra ¼ 103, (b)
Ra ¼ 104, (c) Ra ¼ 105, (d) Ra ¼ 106.
Fig. 6. Isotherms and Streamlines for f ¼ 0, f ¼ 0.05 with AR ¼ 0.6, (a) Ra ¼ 103, (b)
Ra ¼ 104, (c) Ra ¼ 105, (d) Ra ¼ 106.
Fig. 7. Nanoparticle volume concentration effect on the local Nu number on the hot walls (w
and (d) Ra ¼ 106.
B. Mliki et al. / Engineering Science and Technology, an International Journal 18 (2015) 503e511508are shown in Fig. 3. According to this ﬁgure, it is obvious that the
agreement between the results is very good for all the Ra numbers.
Based on the aforementioned comparisons, the developed code is
reliable for studying natural convection of a nanoﬂuid conﬁned in
an L-shaped enclosure.
4. Results and discussion
In this section, numerical results for Cu/water nanoﬂuid free
convection heat transfer in an L-shaped cavity is presented. The
main goal is to investigate the effects of pertinent parameters such
as Rayleigh number, nanoparticle volume concentration and aspect
ratio of the L-shaped enclosure on the ﬂow and temperature ﬁelds.
The variation range for Rayleigh number, nanoparticle concentra-
tion and aspect ratio are 103e106, 0e0.05 and 0.2e0.6, respectively.
Fig. 4, illustrates the effect of increase in AR (AR ¼ 0,2; 0,4; 0,6)
on ﬂow pattern and temperature distribution inside the enclosures
ﬁlled with pure ﬂuid (f¼ 0) and nanoﬂuid (f¼ 0,05) at Ra¼ 106. As
can be seen from the streamlines in this ﬁgure, for AR¼ 0.2 the ﬂuid
is heated by the hot walls and expands as it moves upward. Then
the ﬂuid is cooled by the cold walls (DE and EF) and compressed as
it moves downward. Hence, a clockwise eddy is established in the
whole portion of the enclosure. In the horizontal part of the cavity
ﬁve eddies are formed and rotating in opposing directions. This part
is similar to the problem of natural convection in an enclosure
heated from below and cooled from above with large aspect ratio.
The isotherms for this aspect ratio are condensed near the walls in
the vertical part of the cavity and oscillating in the horizontal part
of the L shaped enclosure. For AR ¼ 0.4 the eddy breaks into twoest wall (AB) and south wall (BC)) with AR ¼ 0.4 (a) Ra ¼ 103, (b) Ra ¼ 104, (c) Ra ¼ 105
Fig. 8. Nanoparticle volume concentration effect on the average Nu number on the hot west wall (AB), (a) Ra ¼ 103, (b) Ra ¼ 104, (c) Ra ¼ 105 and (d) Ra ¼ 106.
B. Mliki et al. / Engineering Science and Technology, an International Journal 18 (2015) 503e511 509counter-rotating eddies. The bigger eddy is clockwise and is located
in the left side of the enclosure while the smaller counterclockwise
eddy is located under the cold rib. For AR ¼ 0.6, two eddies are
developed under the cold rib. The right hand side and the left hand
side eddies are clockwise and counterclockwise, respectively. Using
a nanoﬂuid would reduce the strength of ﬂow in the cavity. In fact,
the addition of the nanoparticles attenuates considerably the dis-
tortions exhibited by the streamlines of the pure ﬂuid in the vicinity
of the center of the main ﬂow cell. The intensity of these cells,
characterized by jjmaxj, increases with the Rayleigh number and
decreases as the nanoparticle volume concentration increases. This
can be explained by the fact that the viscosity of the nanoﬂuids
increases with the volume fraction. On the other hand, as
mentioned before because of large conductivity coefﬁcient of
nanoparticle comparing to conductivity coefﬁcient of the base ﬂuid,
using nanoﬂuid will amplify the conductive heat transfer mecha-
nism in the cavity. Thus, by using nanoﬂuids, heat transfer char-
acteristics in the cavity can be enhanced or reduced and the result
depends if the conductive effects of nanoﬂuid or convective effects
of nanoﬂuid are dominant.
Streamlines and isotherms for nanoﬂuid free convection in an L-
shaped enclosure with AR ¼ 0.4 at different Ra and f are shown in
Fig. 5. As it is clear in Fig. 5, for pure water ﬂow at Ra ¼ 103 and 104,
there is a clockwise vortex in the vertical part of the cavity. The
maximum stream function magnitude occurs in the central core of
the L-shaped enclosure. Even though the global ﬂow structure is
not considerably affected by the addition of the Cu nanoparticles,
the global intensity of the ﬂow cells may be signiﬁcantly modiﬁed
(depending on Ra) by changing the concentration of the nano-
particles. On the other hand, the streamlines, do not take placeunder the cold rib. It is because of existence of small gap between
the hot bottom wall and the cold rib which limits the ﬂow move-
ment. At Ra ¼ 105 two vortexes are formed in the horizontal part of
the L-shaped enclosure. Further increasing the Ra to 106, the two
vortexes in the horizontal part coalesce to make a larger and
stronger counter-clockwise vortex. The streamline patterns for
other concentrations are the same more or less, but, the stream
function magnitude decreases with concentration. Non-
dimensional isotherms are shown in this ﬁgure. For water ﬂow
and nanoﬂuids at Ra ¼ 103e104, the isotherms are formed parallel
to the cavity walls which, as described before, implies a heat
transfer by conduction. But, when the Ra increases, the isotherms
change considerably and heat transfer by convection dominates.
Fig. 6 shows the Cu/water nanoﬂuid streamlines and isotherms
for L-shaped enclosure with AR ¼ 0.6 of nanoﬂuid (f ¼ 0.05) and
pure ﬂuid (f ¼ 0). As it can be seen from Fig. 6, at Ra ¼ 103 for pure
water ﬂow (f ¼ 0), a clockwise vortex with elliptical core is formed
in the cavity. Also, themaximum stream functionmagnitude occurs
in the central core of the cavity. But, increasing the Ra from 103 to
105 for water ﬂow, the streamlines extend to thewhole channel and
occupy the horizontal part of the cavity. Increasing the Ra number,
the buoyancy force enhances which in turn increases the stream
function magnitude. For Ra ¼ 106, two secondary vortexes are seen
inside the primary vortex. Also, when the nanoﬂuid concentration
increases, the streamline pattern does not change considerably
(especially for smaller Ra), but, its effect on decreasing the
maximum stream function is clear. This can be explained due to the
increase in the nanoﬂuid viscosity. For Ra ¼ 103 and in all the
volume concentrations, the isotherms are parallel to the enclosure
walls that implies conduction heat transfer in the cavity. For higher
B. Mliki et al. / Engineering Science and Technology, an International Journal 18 (2015) 503e511510Rayleigh numbers, the isotherms are not parallel to the walls and
distinct thermal boundary layers are formed near the vertical walls
that show the domination of the free convection heat transfer
compared to the heat conduction.
Fig. 7 shows the local Nusselt number on the hot walls (AB, BC)
for AR ¼ 0.4, and different volume concentration and Rayleigh
numbers. It is clear that in all the Ra numbers, the local Nusselt
number increases with an increase in the nanoparticle volume
concentration. The reason is high thermal conductivity of copper
nanoparticles, which enhances conductive heat transfer mecha-
nism. According to Fig. 7 (a) since there are no vortexes in the
horizontal part and so the heat conduction mode dominates, the
local Nu number proﬁles vary smoothly in this region. This ﬁgure
shows that the local Nusselt number on the left vertical wall is
identical to those on the bottom wall for the conduction regime
represented by Ra ¼ 103. This can be explained by the fact of the
symmetric positions between AB and BC. By increasing Ra from 103
to 104, the maximum of the Nusselt number on the bottom wall
undergoes some improvement; its value passes from 2.8 to 3.2
following this increase of Ra (Fig. 7 (b)). But, on the contrary, along
the bottomwall, the maximum of the Nusselt number is decreased;
its value passes from 2.7 to 2.4. However, at Ra¼ 105 Fig. 7 (c and d),
the vortexes in the horizontal part, makes oscillations in the local
Nu proﬁle.
Fig. 8 shows the average Nu number on the hot wall for different
volume concentration, Rayleigh numbers and aspect ratios. It is
seen that the heat transfer is always improved by increasing the
nanoparticles fraction, but the rate of improvement depends on Ra.
More precisely, for Ra ¼ 103, 104, 105, 106, the average Nu number
increases respectively by 15.93%, 16.54%, 16.75% and 17.33% when
the volume fraction of nanoparticles f is increased from 0 to 0.05.
We remark also from the curves of Fig. 8 that the average Nu
number exhibits a quasi linear variation with the parameter f.
Finally, the slope of the lines increases with a decrease in the aspect
ratio. It means that the heat transfer increases by volume concen-
tration is more pronounced for lower aspect ratios.5. Conclusions
The lattice Boltzmann method is used to investigate the Cu/
water nanoﬂuid free convection heat transfer in an L-shaped
enclosure. The effects of the pertinent parameters such as Rayleigh
number, aspect ratio and nanoparticle volume concentration on the
thermal and ﬂuid ﬁelds are investigated. The following main con-
clusions can be made according to the numerical results:
 In all the considered Ra and AR, increasing the nanoparticle
volume concentration increases the average Nusselt number.
 The aspect ratio of the L-shaped enclosure has signiﬁcant effect
on the streamlines and temperature ﬁelds.
 Decreasing the aspect ratio, transition point from conduction to
free convection heat transfer modes is postponed to higher Ra
numbers.
 The rate of the heat transfer enhancement with volume con-
centration is higher for lower aspect ratios.
 The vortexes in the horizontal part of the cavity result in an
oscillatory local Nusselt number in that region.References
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